An efficient and convenient method was developed for synthesis of 2-amino-3-cyanopyridine derivatives via the four-component coupling reaction between ketone, aldehyde, malononitrile, and ammonium acetate in the presence of 2 mol% copper nanoparticles on charcoal (Cu/C) catalyst. A variety of ketones and aldehydes was used to afford the corresponding products in good to excellent yields. The method is applicable to large-scale operation without any problem. The catalyst could be quantitatively recovered from the reaction mixture by simple filtration and reused at least eight times with almost consistent activity.
Introduction
Pyridine moieties are common substructures in numerous natural products, pharmaceuticals, and functional materials. [1] [2] [3] Polysubstituted pyridines possess important biological and pharmacological activities and could be used as potential agrochemicals, for example as herbicides. 4 In addition, the molecules containing pyridine moiety are used as non linear optical materials, 5 electrical materials, 6 and chelating agents in metal ligand chemistry. 7 Among them, 2-amino-3-cyanopyridines are known as IKK-β-inhibitors. 8 They have been identified to possess multiple biological activities such as antimicrobial, 9 antiviral, 10 antibacterial, 11 antifungal, 12 antitumor, 13 anti-inflammatory, 14 as well as antihypertensive 15 properties. Besides, they are important and useful intermediates in preparing a variety of heterocyclic compounds.
12, 16 The interesting biological properties of these compounds have promoted a great deal of research effort toward development of new synthetic methodologies for the preparation of 2-amino-3-cyanopyridines and their derivatives. Therefore, the synthesis of 2-amino-3-cyanopyridine derivatives continues to attract much interest in organic chemistry.
A survey of the literature shows that the major synthetic approaches that are used to prepare various types of 2-amino-3-cyanopyridine derivatives involve utilization of corresponding 2-chloro derivatives as substrates, 17 chalcones on treatment with ammonium acetate via the condensation reaction, 18 as well as via a one pot four components reaction 19, 20 in conventional heating or under microwave irradiation, and also by some other methods. 21, 22 In recent efforts to develop more facile methods for the synthesis of 2-amino-3-cyanopyridines, metal-catalyzed reactions have been developed. 19 In recent years, the use of heterogeneous catalysts has received considerable interest in organic synthesis. Using heterogeneous catalysts in synthetic organic routes has some advantages over their counterparts, such as great durability toward the reaction conditions, having highly active sites, recyclability and reusability of catalyst. 23 Recently, we have reported copper nanoparticles on charcoal (Cu/C) as an excellent heterogeneous catalyst for synthesis of triazole, propargylamine and benzimidazole derivatives. [24] [25] [26] Based on the above mentioned reports and in continuation of our efforts to develop facile and general methods for the preparation of 2-amino-3-cyanopyridine derivatives, and as a part of our studies to utilize heterogeneous catalyst for the synthesis of organic compounds, [27] [28] [29] [30] [31] here we wish to report a heterogeneous catalyst system based on Cu/C and illustrate its application for the synthesis of 2-amino-3-cyanopyridine derivatives without any cocatalyst or activator under mild conditions. recorded on a Bruker Avance DPX-250 spectrometer ( 1 H NMR at 250 MHz and 13 C NMR at 62.5 MHz) in pure deuterated solvents with tetramethylsilane (TMS) as an internal standard. Infrared (IR) spectra were obtained using a Shimadzu FTIR 8300 spectrophotometer. Mass spectra were determined on a Shimadzu GCMS-QP 1000 EX instrument at 70 or 20 eV. Elemental analyses were performed with a Thermo Finnigan CHNS-O 1112 series analyzer. Melting points were determined in open capillary tubes in a Büchi 535 circulating oil melting point apparatus. The purity determination of the substrates and reaction monitoring were accomplished by thin-layer chromatography (TLC) on silica gel PolyGram SILG/ UV 254 plates. Column chromatography was carried out on short columns of silica gel 60 (70-230 mesh) in glass columns (2-3 cm diameter) using 15-30 g of silica gel per g crude mixture. Chemical materials were purchased from Fluka, Aldrich and Merck. The used activated carbon was also purchased from Merck (Art. No. 9631, 0.3-0.05 mm).
Synthesis of copper nanoparticles on charcoal (Cu/C)
The activated carbon (1.0 g) was refluxed in nitric acid solution (5.0 mol L -1 , 30 mL) for 6 h, washed with deionized water until pH 6-7 and finally dried in an oven at 110 °C for 12 h under vacuum. For the synthesis of Cu/C, CuI (100 mg) was dissolved in absolute ethanol (30 mL) , and stirred at reflux temperature for 4 h under nitrogen atmosphere in the presence of 1.0 g of purified activated carbon. The resulting solid was washed with ethanol (4 × 30 mL). Finally, the copper in charcoal was dried under vacuum in an oven overnight at 110 °C. 24 
General procedure
General procedure for the synthesis of 1-17 A 25 mL flask was filled with the mixture of substituted aldehyde (1.0 mmol), ketone (1.0 mmol), malononitrile (1.5 mmol), ammonium acetate (2.0 mmol), Cu/C nanocatalyst (2.0 mol%) and then stirred in acetonitrile (2.0 mL) at 80 °C under ambient atmosphere. Progress of the reactions was monitored with TLC using n-hexane/ ethyl acetate (10:1). After completion, the crude reaction mixture was filtered through a pad of Celite and washed with hot ethanol (3 × 10 mL). The recovered catalyst was dried under vacuum at 40 °C for 5 h and stored for another consecutive reaction run, and the combined filtrates were concentrated in vacuo and the resulting residue was purified by silica gel column chromatography employing n-hexane/ ethyl acetate (10:1) as eluent. 
Results and Discussion
The Cu/C catalyst which had been previously synthesized and used for various organic transformations in our published works [24] [25] [26] was also used in this project. The catalyst was synthesized in two steps. In a general procedure the activated carbon was refluxed with a nitric acid solution for 6 h and washed with deionized water until pH 6-7, and then dried in an oven at 110 °C overnight under vacuum. The oxidized activated carbon was refluxed with a solution of CuI under a N 2 atmosphere in absolute ethanol for 4 h, washed with ethanol, and finally dried under vacuum in an oven overnight at 110 °C (Scheme 1).
To exploit a method for the preparation of new 2-amino-3-cyanopyridine derivatives, the reaction of acetophenone (1 mmol), benzaldehyde (1 mmol), malononitrile (1.5 mmol) and ammonium acetate (2 mmol) in the presence of Cu/C under air atmosphere was chosen as a model and its behavior was studied under a variety of conditions (Table 1) . Vol. 27, No. 4, 2016 We commenced our investigation with the reaction of starting materials in chloroform as solvent in the presence of Cu/C as a catalyst. Analysis of the resulting mixture revealed that the desired product 1 was formed after 6 h in only 10% yield (Table 1, entry 1) . Yield of the reaction increased upon using N,N-dimethylformamide (DMF) instead of chloroform (entry 2 vs. 1). Replacement of DMF with ethanol (entry 3) did not give an improved outcome, while the formation of product 1 was markedly improved when using the same catalyst in acetone at reflux condition (entry 4). Further condition screening suggested that when the reaction was carried out in the presence of Cu/C, upon switching the solvents from acetone to ethyl acetate, tetrahydrofuran (THF) or polyethylene glycol 300 g mol -1 (PEG 300), the yield of desired product decreased (entries 5-7). However, when the reaction was carried out in toluene at reflux condition for 6 h, the expected product was achieved in 76% yield (entry 8). Interestingly, when model compounds were treated with 2 mol% of Cu/C in acetonitrile at reflux for 6 h, the expected reaction proceeded successfully to give product in 91% yield (entry 9). A further decrease in the catalyst loading resulted in 74% isolated yield (entry 10), but increase in the catalyst loading did not enhance the reaction yield any further (entry 11). Further optimization of the reaction conditions revealed that other Cu sources regardless of their ; r.t.: room temperature. oxidation states (either I or II) did not show better catalytic activity (entries 12 and 13). We speculate that the observed higher yields are probably due to the large surface area and more stability of the formed nanoparticles of Cu/C. In addition, CuI showed lower yield in comparison with Cu/C under these reaction conditions. It is possibly due to the disproportionation of this salt under optimization reaction condition. When this reaction was carried out in acetonitrile at reflux condition for 6 h, without any catalyst, no desired 2-amino-3-cyanopyridine was obtained ( Table 1, entry 14) . Next, experiment was carried out to distinguish the effect of temperature on the reaction. As depicted in Table 1 , the desired product could not be detected at room temperature (entry 15). In addition, control experiments demonstrated that no reaction occurred in the presence of charcoal as a catalyst (entry 16).
After the optimization reaction conditions, in order to examine the scope of the reaction, we treated various aldehydes and methylketones in the presence of malonitrile and NH 4 OAc with Cu/C in refluxing acetonitrile, and desired 2-amino-3-cyanopyridine derivatives were obtained in good to high yields (Table 2) .
From the results shown, aldehydes with both electronwithdrawing and -donating substituting groups afforded the 2-amino-3-cyanopyridine derivatives through reaction Vol. 27, No. 4, 2016 with acetophenone, malononitrile and ammonium acetate and the isolated yields range from 86 to 94% (Table 2 , entries 2-5). In an effort to apply the present reaction conditions to the synthesis of heterocycles related to 2-amino-3-cyanopyridines, the feasibility of the reaction with heteroaromatic aldehyde was examined (entry 6). It is noteworthy that the reaction of 3-thiophenecarbaldehyde as a heterocyclic aldehyde proceeded well to give the desired products in 86% yield. To expand the scope of the current method, aliphatic aldehyde was also examined as a substrate. The desired product 7 was obtained with good yields (entry 7). We further explored the potential of the present protocol from the standpoint of variety of ketones. As seen from Table 2 , this strategy is effective for a great diversity of ketones such as alkylaryl (entries 8-11), cyclic (entries 12 and 13), and dialkyl ketones (entries [14] [15] [16] [17] . Acetophenone with both electron-withdrawing and -donating substituting groups fairly tolerate the reaction conditions and also afford the desired products in good yields (entries 8-10), and proves the generality of the strategy elaborated. The highly conjugated ketone derivative was also an excellent substrate for this reaction, and the corresponding compound 11 was produced (entry 11). For cyclic ketones, this transformation proceeded smoothly and afforded the products in good yields. For example, the reaction of cyclohexanone or 4-methyl cyclohexanone led to the corresponding products in 84 and 86% isolated yields, respectively (entries 12 and 13). To our delight, this method could be successfully applied to dialkyl ketones. For example, the product having t-butyl, isopropyl or methyl groups derived from the corresponding methyl ketone was formed in satisfactory yield (entries 14-16). Meanwhile, methyl acetoacetate also reacted with benzaldehyde and generated the corresponding product 17 in 85% yield (entry 17). In addition, to evaluate the feasibility of this method on a large scale, the model reaction was performed on the 40 mmol scale and the desired product was obtained in 89% yield.
Next, we studied the reusability of the heterogeneous nano Cu/C catalyst in the model reaction (Table 3) . After completion of the reaction, the catalyst was filtered from the reaction mixture, washed with hot ethanol, dried and used directly for the next round of reaction. The ease of recovery, combined with the stability of catalyst, allows the catalyst to be recycled over 8 times in reactions without any significant loss in activity.
Conclusions
In conclusion, we have reported a direct one-pot method for the construction of 2-amino-3-cyanopyridine derivatives starting from aldehydes, ketones, malononitrile, and ammonium acetate in the presence of Cu/C as a heterogeneous catalyst system, in up to 71% isolated yield. Various aldehydes and ketones were readily applied to this synthetic protocol. It is noted that in the present system the catalyst can be recycled and reused at least eight times without significant losses of activity.
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